Biosensors are devices which combine a biochemical recognition element with a physical transducer. There are various types of biosensors, including electrochemical, acoustical, and optical sensors. Biosensors are used for medical applications and for environmental testing. Although biosensors are not commonly used for food microbial analysis, they have great potential for the detection of microbial pathogens and their toxins in food. They enable fast or real-time detection, portability, and multipathogen detection for both field and laboratory analysis. Several applications have been developed for microbial analysis of food pathogens, including E. coli O157:H7, Staphylococcus aureus, Salmonella, and Listeria monocytogenes, as well as various microbial toxins such as staphylococcal enterotoxins and mycotoxins. Biosensors have several potential advantages over other methods of analysis, including sensitivity in the range of ng/mL for microbial toxins and <100 colony-forming units/mL for bacteria. Fast or real-time detection can provide almost immediate interactive information about the sample tested, enabling users to take corrective measures before consumption or further contamination can occur. Miniaturization of biosensors enables biosensor integration into various food production equipment and machinery. Potential uses of biosensors for food microbiology include online process microbial monitoring to provide real-time information in food production and analysis of microbial pathogens and their toxins in finished food. Biosensors can also be integrated into Hazard Analysis and Critical Control Point programs, enabling critical microbial analysis of the entire food manufacturing process. In this review, the main biosensor approaches, technologies, instrumentation, and applications for food microbial analysis are described.
Microbial Pathogen Detection
Most current food microbiology methods (5) rely on culturing followed by biochemical metabolic identification of the pathogen or molecular techniques based on deoxyribonucleic acid (DNA) identification such as polymerase chain reaction (PCR), pulse gel electrophoresis, or, more recently, DNA microarray analysis (6) (7) (8) (9) (10) (11) (12) (13) (14) . Immunological methods such as enzyme-linked immunosorbent assay (ELISA) and Western blot are used for microbial toxin detection. Although robust and sensitive, these methods are slow (it may take more than a day to get results), labor-intensive, difficult to automate and, with the exception of ELISA, are not high-throughput methods.
Thus, the traditional detection technologies are often too slow and cannot provide effective real-time monitoring. Biosensor technology, which has evolved rapidly in recent years, combines a biochemical recognition element with a physical transducer and has the potential to overcome some of the limitations of current technology. Although all biosensors are similar in that they comprise a biochemical recognition element and a physical transducer, numerous design variations in these 2 elements lead to a wide array of distinct biosensor designs. Biosensor technologies have the potential to speed the detection, lower the detection limit, increase specificity and sensitivity, and enable high-throughput analysis.
Hazard Analysis and Critical Control Point (HACCP) is a management system in which food safety is addressed through the analysis and control of biological, chemical, and physical hazards from raw material production, procurement, and handling, to manufacturing, distribution, and consumption of the finished product. HACCP relies on the identification and monitoring of critical control points in food production. Biosensors can be used for such monitoring because they enable real-time measurements.
Recent review articles on the subject of biosensors for food applications include an article that focuses on immunosensor technologies (15) and provides a very useful overview of the use of biosensor technologies for chemical contamination as well as microbial contamination. A wider perspective on available biosensor technologies is taken in ref. 16 , where examples from the literature of use of biosensors in food safety are reviewed and discussed. More detail is provided for a subset of the available technologies in ref. 17 , with numerous references to the literature on detection in food.
Biosensor Technologies
In general, biosensors consist of 2 main components as shown in Figure 1 : a recognition element and a signal conversion unit (transducer). In addition, all biosensors include an input/output interface (the electronic component for interacting with the instrument). The recognition element (ligand), which binds to the analyte of interest, is the component that produces the primary signal. The transducer is the biosensor component that responds to the primary signal from the recognition element and converts it to a form that can be amplified, stored, manipulated, displayed, and analyzed. Transducers are based on many different physical principles, including electrochemistry, fluorescence, optics, and mass detection.
Various types of biosensors have been developed, which can be divided into 2 general classes: direct-and indirect-detection biosensors. Direct-detection sensors ( Figure 1A) , in which the biological interaction is directly measured in real time, are typically noncatalytic elements such as cell receptors or antibodies. The most common direct-detection biosensor systems use surface plasmon resonance (SPR), resonant mirror, or quartz resonator transducers. All of these systems use detection methods that directly sense the presence of the analyte itself. SPR and resonant mirror systems detect changes in refractive index near a surface caused by the presence of the analyte bound to the surface, whereas quartz resonators detect change in resonant frequency. Direct-detection schemes in some cases are less sensitive than indirect-detection schemes, particularly for small molecules such as toxins.
The second category of biosensors is indirect-detection sensors as shown in Figure 1B . These rely on a primary recognition reaction that binds the analyte to a substrate followed by a secondary recognition reaction that binds a labeled molecule to the tethered analyte to allow detection. Indirect-detection systems use fluorescent labels, catalytic elements such as enzymes (e.g., alkaline phosphatase), microorganisms, and plant or mammalian tissue to enable or enhance detection. The most common indirect-detection biosensors use optical fluorescence or electrochemical transducers, including light-addressable potentiometric sensors (LAPS) that combine electrooptics and electrochemistry. Indirect-detection biosensors often exhibit higher sensitivity than direct-detection sensors because of the signal amplification possible with the labeling step. This sensitivity comes at the cost of increased assay complexity (although the system complexity may actually be reduced as compared to direct-detection systems) and increased assay time associated with the secondary binding reaction.
Biosensor Recognition Elements (Ligands)
The 2 main factors important for every ligand used for biosensors are affinity and specificity. Antibodies are widely used as recognition elements in both direct and indirect biosensors because of their specificity, versatility, and strong and stable binding to a specific antigen. Biosensors that use antibodies as the recognition element are called immunosensors. The traditional approach for raising antibodies is to inject animals with the antigen of interest and then harvest polyclonal antibodies from the serum. This approach works well in many cases; however, the diverse nature of the antibodies may result in variations in antibody binding and, in some cases, a lack of specificity. Monoclonal antibody techniques were developed that enable more uniformity of antibodies and more specificity at the expense of a more involved cell culture technique. Another weak point of antibody recognition is the limited shelf life of antibodies due to antibody instability, especially when bound to solid surfaces, and the associated temperature requirement for storage. Commercial antibodies are readily available for many food pathogens, and there is a Web-based search tool (18) that can be used as a starting point for locating antibodies for a particular antigen.
Other developments related to recognition elements that appear to have potential for biosensor applications (19) include antibody fragments (Fab) and recombinant variations of antibody fragments (20) ; genetic immunization involving the transfer of DNA coding for the antigen to stimulate antibody production (21); peptides, including phage display techniques (22) ; and aptamers [DNA or ribonucleic acid (RNA) molecules with secondary structure with affinity for an analyte]. Combinatorial methods for selecting and optimizing the affinity of these systems are advancing rapidly. Phage-display methods (20, 22) can be used to identify molecules from a peptide library with affinity for an antigen. An advantage of phage display is that ligands can be generated against certain toxic antigens which are harmful to the animal, and thus difficult to produce with traditional antibody-raising techniques. Phage-display methods used with peptide libraries generally produce lower recognition affinities than are available with antibodies. However, more recent experience points toward use of phage-display with antibody-like fragments that, in some cases, may be similar or even exceed natural antibodies affinity (19) . Phage-display techniques are evolving rapidly and appear to represent the future of recognition element selection technology. Table 1 summarizes some of the biological ligands for potential use in biosensor applications. .
Common Types of Direct Biosensors

Evanescent Wave Biosensor
An evanescent wave is generated when a beam of light is incident on a surface at an angle yielding total reflection. Under such conditions, an energy field (the evanescent wave) penetrates a short distance past the reflecting surface. The propagation of the evanescent wave depends on the optical properties of a thin layer of the medium adjacent to the reflecting surface. The evanescent wave phenomenon can be used for biosensing in several ways, including both direct-and indirect-detection systems. Many fiber optic sensors use evanescent wave physics (69) . Evanescent wave immunosensors typically have a limit of detection (LOD) of about 1-10 ng/mL for large (>30 kDa) proteins (66, 67, 70) , depending on the antibody affinity and the molecular weight of the antigen. Direct measurement of low molecular weight molecules, such as mycotoxins (71) with molecular weight on the order of 750 Da, yield higher LODs as compared to larger analytes. In cases where a lower LOD is required, indirect methods such as sandwich or competitive assays are often used.
Surface Plasmon Resonance Biosensors
SPR biosensors are some of the most commonly used biosensors (more than 350 citations in Medline). An SP is a resonant oscillation of electrons on the surface of a metal (e.g., gold). SPR biosensors use a prism to couple evanescent waves to the SP film, producing a characteristic dip in reflected intensity. The intensity dip can be detected in one of 2 ways. Using a monochromatic light source, the angle where the dip is detected is found to be dependent on the refractive index in the sample region close (within 100 nm) to the surface of the gold. Alternatively, a broad-spectrum light source can be used with a spectrometer to determine the wavelength that exhibits a reflection dip. In SPR biosensors, the recognition molecule (often an antibody) is immobilized on the gold surface. Binding of the analyte causes a shift in the output signal from the SPR system.
As discussed above, the sensitivity of direct-detection methods can be improved through use of a secondary ligand that binds to the captured target molecule in a sandwich assay configuration. For example, the effect of the secondary ligand is seen in Figure 2 , showing an SPR biosensor (Biacore 3000) detecting 1 mg/mL of staphylococcal enterotoxin B (SEB; 67). The injection of the SEB sample (at 640 s) exhibited an increase in signal (labeled b in Figure 2A ). Approximately 4 min after the injection (labeled d in Figure 2A ), a second anti-SEB antibody was injected and the response increased (e in Figure 2A ). The change in the signal (marked with arrow) was due to the presence of the secondary antibody changing the refractive index. An additional advantage of using a secondary antibody is that the binding of second antibody (distinct from the primary antibody) decreases the possibility of a false positive due to the redundant specificity of the sandwich assay.
Resonant Crystal Biosensors
Resonant crystal biosensors, also called quartz crystal microbalance (QCM), piezoelectric and acoustic wave biosensors, are widespread because of their simplicity and low cost (72) (73) (74) (75) . Resonant crystal biosensors sense changes in acoustic resonant frequency of a quartz crystal caused by the binding of an analyte on the crystal surface. The transducer in a resonant crystal biosensor is a quartz disk with attached electrodes. The application of an external oscillating electric potential across the device induces an acoustic wave through the piezoelectric effect that resonates in the crystal at a frequency that is dependent on the mass of the analyte bound to the sensor surface. Resonant crystal biosensors allow real-time, direct, label-free measurements of larger antigens and indirect measurement of lower molecular weight targets.
Common Types of Indirect Biosensors
Fluorescence-Labeled Biosensors
Fluorochrome molecules can be used to label the secondary antibody. The fluorochrome absorbs light at short wavelength and then emits light at higher wavelength, which can be detected by a transducer. Generally, fluorescence-labeled biosensors can detect protein analytes at concentrations as low as 1-10 ng/mL. Several multichannel fluorescence-labeled biosensors have been developed to test for the presence of multiple pathogens and toxins simultaneously. This is a versatile type of instrument suitable for antibody-based detection of microbes and toxins. In one variation, a series of recognition molecules are tethered to a surface in stripes. A mating flow cell with several parallel flow channels is oriented so that each of the flows comes in contact with all of the stripes (i.e., the flow is perpendicular to the recognition stripes). The multiple flow channels allow several samples to be assayed simultaneously. The multiple recognition stripes provide a multianalyte assay for each of the samples. Thus, the instrument is quite versatile and has been used to simultaneously assay for bacterial, viral, and protein analytes. For toxin assays, the instrument has been used in both sandwich and competition modes, depending on the molecular weight of the toxin (59, (76) (77) (78) (79) (80) .
Electrochemical Biosensors
Electrochemical detectors measure changes in electron transfer caused by an oxidation/reduction reaction involving the analyte at the surface of a suitable electrode (81, 82) . The common electrochemical transducers are amperometric devices that detect changes in current at constant potential, conductimetric devices that detect changes in conductivity between 2 electrodes (at constant voltage), impedimetric devices that measure the ratio of voltage to alternating current, and potentiometric devices that detect changes in potential at zero current. Widely used amperometric systems have good sensitivity and exhibit a linear response over a wide range of analyte concentration (83) . Amperometric systems typically monitor current as a function of time while maintaining an applied potential between the working electrode and a reference electrode. The applied potential drives the cell chemistry which is designed, typically via enzyme labels linked to the secondary antibody, to yield a large current increase when the analyte of interest is present.
A large amount of research effort has been directed toward finding electrode configurations and enzyme/substrate combinations that can be combined into a sensitive yet low-cost detector. These efforts hold considerable promise, as evidenced by the ongoing success of glucose sensors and the recent commercial introduction of electrochemical DNA sensors (84) . Electrochemical detection allows simple integration with electronic systems used for readout, making it a preferred choice if the sensitivity and cost issues can be optimized.
Light-Addressable Potentiometric Sensor
LAPS combines both electrochemical and electro-optical methods (24, 85, 86) , measuring small pH differences (about 0.01 pH units) on a semiconductor. The pH-sensing region of the instrument consists of a silicon layer wired into an electrical circuit. A LAPS device measures the alternating photocurrent generated when a pulsed light source, such as a light-emitting diode (LED), illuminates the surface. The current magnitude depends on the surface potential, which in turn depends on the surface pH. LAPS biosensors use an immobilized antibody that captures the target antigen. A secondary antibody, labeled with an enzyme such as urease, binds to the antigen to create a tethered enzyme. The presence of the enzyme can then be inferred from the pH of a urea solution introduced into the device where the presence of the urease hydrolyzes urea.
Chemiluminometric Biosensors
Some of the most common chemiluminometric biosensors are based on adenosine triphosphate (ATP) sensing. As almost all living things produce ATP as the primary energy storage molecule, detection of ATP by bioluminescence or enzymatic light emission (87, 88) provides a method of assaying for microbial life forms. In one variation, the bioluminescence reaction (ATP+luciferin+O 2 oxyluciferin+AMP+Ppi+CO 2 +light) is catalyzed by the firefly (Photinus pyralis) enzyme luciferase. It produces 1 photon of light for each molecule of ATP.
As compared to other biosensor techniques designed for foodborne pathogens, ATP assays are a more limited technology because they are nonspecific in most food sampling applications. ATP sensing is very effective as a method to confirm microbial load but not for microbial identification. Moreover, it is difficult to eliminate interfering substances that may cause false-positive results. One potential application for ATP sensing methods in food microbial safety is as a tool for rapid evaluation of cleaning effectiveness as part of good manufacturing practices and HACCP programs.
Sample Handling and Enrichment
With the objectives of increasing the sensitivity, reducing sample volume, and removing interfering material from samples, a wide range of sample preparation and handling methods have been developed. In principle, these methods can be used with any of the detection methods discussed above.
For microbial contaminants, a pre-enrichment culturing step allows selective enrichment of the test organism and increases the test sensitivity. However, culturing is problematic because it may be difficult or impossible to grow the microbe of interest. When it is possible to culture the microbe of interest, the culturing step often takes many hours to complete, resulting in an often unacceptable time delay. For food samples, pre-enrichment can be performed by simply incubating the sample at an appropriate temperature, but significant enrichment requires time on the order of 6-10 h in typical applications.
Solid-phase immunocapture technology uses antibodies covalently coupled to a solid substrate such as glass, ceramic, or magnetic beads. The beads can be brought into contact with the sample in various ways, including a fluidized bed configuration (89) . Antibodies on the surface of the beads capture the antigen of interest. Once the capture reaction is complete, the beads can be separated from the sample stream, which effectively concentrates the antigen. Such methods are capable of capturing bacteria and spores directly from samples without a pre-enrichment step. Using such a method, very small amounts of protein such as bovine serum albumin (<1 ng) and both E. coli O157:H7 and B. globigii (1 spore/cell) were detectable by ELISA, independent of the sample size (89) . Magnetic beads, called immunomagnetic separation, have been widely used (90) . After incubation with the sample, the magnetic beads with the captured target molecules are separated from the sample in a magnetic field. The ability to distribute the beads throughout the sample during the capture phase and then to simply collect the beads before detection has been shown to reduce the assay time for dilute samples.
Microfluidics refers to manipulation of fluids moving in small channels (56, (91) (92) (93) . Microfluidic systems, whose flow channel dimensions are measured in micrometers, provide an assay platform that allows miniaturization of existing assays. Miniaturized assays offer several potential advantages over conventionally sized systems, including increased relative surface area resulting in increased speed and sensitivity, compact size, disposability, low cost, and smaller volumes of reagents and samples. One limitation of microfluidics for food sample analysis is that food samples often include particles that can plug small flow passages. Thus, use of microfluidic systems for food samples requires careful filtration.
Considerations for Choosing Ligands for Biosensor Microbial Analysis
For multianalyte biosensors, a large number of diverse ligands have to be developed, which are specific, have high affinity, and are amenable to high-throughput screening and synthesis. One of the main factors for ligand evaluation is the ligand equilibrium dissociation constant (K D ), which determines the affinity of the ligand binding. Antibodies are the best natural ligands because they have high affinity, with equilibrium dissociation constants (K D ) on the order of 10 -9 M, and are very diverse. However, antibodies are not easy to synthesize in large quantities because they require either a live animal host or a cell culture and thus are not well suited for biosensor applications where cost is a major issue.
As described above, there have been several important recent advances in the development of protein ligands, including genetic immunization methods, new types of ligands such as peptides, scaffolded peptides, combined binding agents derived from low-affinity ligands, and combinatorial chemistry ligands. The major drawback is that many of these individual ligands have low K D s (10 -6 -10 -7 M), 2-3 orders of magnitude less than antibodies. These alternative ligands hold considerable promise for biosensor applications if the K D values can be increased. Genetic immunization has the potential to produce high K D ligands, but the need for animals to generate the antibodies makes the method less attractive for high-throughput applications.
The specificity of the ligands is another important factor for ligand evaluation because greater specificity increases the confidence in the results. Other factors important for choosing ligands for biosensor analysis of foodborne pathogens and toxins, such as high-throughput potential, are summarized in Table 1 .
Considerations for Choosing Biosensors for Microbial Analysis
Sensitivity is one of the most important factors in the evaluation of biosensors, but it is difficult to compare the sensitivity of different biosensors because each application has unique features. For example, because the ligand-analyte binding interaction plays a major role in detection, the use of different ligand-analyte combinations makes comparisons difficult. In addition, other factors such as enrichment of microbial pathogens, the type of labeling of the secondary ligand, the conditions of the measurement, prior concentration of the analytes, and any prebiosensor steps all contribute to the detection level. Because these variables differ between most biosensor applications, sensitivity comparisons are complicated.
Choosing a biosensor technology relies on many factors, which can be divided into 3 groups: (1) the nature of the analyte to be detected; (2) the nature of the sample analyzed; and (3) the purpose and the situation of the analysis.
Nature of the Analyte to Be Detected
Detection of a pathogen is different from detection of a toxin. The molecular weight of toxins is significantly lower than the mass of a bacteria or a virus. Some typical foodborne toxins have a very high molecular weight, e.g., the molecular weight of botulinum toxin is 150 000 Da, whereas mycotoxins such as fumonisin B 1 have a significantly lower molecular weight of 720 Da, and the moleculor weight of staphylococcal enterotoxins is 28000 Da. Some direct-detection biosensors such as SPR or resonant crystal biosensors are sensitive to the mass, while other indirect biosensors such as electrochemical biosensors, which rely on the detection of secondary tagged molecules, are less sensitive. Thus, low molecular weight toxins are usually detected with an indirect biosensor.
In addition to molecular weight differences, variability among analytes is often important. Thus identification of the 7 types of botulinum toxin or 17 types of staphylococcal enterotoxins requires biosensors with many channels and high sensitivity to small differences between members of these families of toxins.
Nature and Condition of the Sample to Be Analyzed
While analysis of pure samples is relatively simple, analysis of food samples is more complex due to turbidity and complex chemistry. The turbidity of the sample will affect optical methods; however, it will not affect acoustical or electrochemical biosensors. Similarly, the salt and pH conditions are less likely to affect optical biosensors than electrochemical biosensors that measure conductivity (given that the analyte binding is not affected). SPR measurements are more likely to be affected by temperature than are fluorescent-based biosensors. In summary, the condition of the sample can have a major impact on the measurement, and the sensitivity of each biosensor technology to the various factors will be different.
Purpose of the Analysis
Although direct biosensor technologies enable real-time detection, indirect biosensors, which typically rely on a sandwich assay, are inherently slower. Thus direct biosensors are preferable when speed is a major factor. On the other hand, indirect biosensors tend to be more sensitive, simpler, and less expensive than many direct biosensors. For example, fluorescent-based biosensors are inexpensive to configure in a multichannel design, whereas the direct biosensors typically are more costly.
Some biosensors, such as electrochemical systems, may be single-use components that may make the system easy to maintain but costly to operate. This is in contrast to an SPR biosensor that is designed for multiple re-use, leading to lower operating costs. Although the cost of some indirect instruments, such as electrochemical biosensors, may be less than that of more complex biosensors (such as SPR), the indirect systems require expensive secondary ligands that make the analysis more costly. Field use, which requires on-the-spot, immediate analysis is another point of consideration. Although in principle nearly any method can be adapted to field use, some systems, most notably various fluorescent-based biosensors (94) were designed to be used in the field while others, most notably several commercial SPR biosensors, were designed for laboratory use. Thus, although SPR biosensors are attractive from the standpoint of their real-time output, the portability of many current indirect systems such as electrochemical and fluorescent-based biosensors make these technologies the market choice for field use.
Biosensor Analysis of Food Bacterial Pathogens
Rapid or real-time biosensor-based microbial analysis may allow early detection and subsequent prompt treatment, potentially reducing the health concerns and economic losses associated with bacterial contamination. Although conventional bacterial identification methods are very sensitive, these methods are relatively time-consuming, requiring up to 72 h to produce confirmed results. Various biosensors have been developed for major foodborne pathogens and their toxins. Several applications of biosensor detection of foodborne pathogens, including S. aureus, Salmonella Typhmurium, E. coli O157:H7, Listeria monocytogenes are described in Table 3 . Please note that this table gives only the general range of sensitivity, as every immunological assay relies on particular antibodies and each experiment is performed under different experimental conditions (e.g., with or without enrichment, or assay of the pathogen in food or in buffer). Therefore, the comparison between methods presented in Tables 2-4 cannot be used to determine the best method. The purpose of the tables is simply to organize the relevant experiments for further study. In general, the lower LOD without enrichment, concentration, or prior separation is about 10 3 cells/mL, which is lower than culturing methods.
Biosensor Analysis of Food Bacterial Toxins
Microbial toxins such as staphylococcal enterotoxins (SEs), aflatoxins, and botulinum toxin are food safety threats and may have bioweapon potential. Food contaminated with these toxins can cause significant health problems and economic losses. The toxins can survive food processing steps designed to kill the bacterial sources of the toxins. For example, although S. aureus dies off rapidly during pasteurization, there are approximately 18 major serological types of staphylococcal enterotoxins (SEA through Q) with molecular weights of approximately 28 kDa. These enterotoxins are heat-stable, survive pasteurization, and can cause severe disease in small concentrations, often resulting in vomiting and, in some rare cases, death. Thus, even if the foods are free of viable bacteria, they may have to be tested for bacterial toxins. The main toxins detected by biosensors are SEs and aflatoxins. For most toxins, the LOD is 0.5-5 ng/mL ( (33) toxins, including LOD and speed of detection, are summarized in Table 4 .
New Trends in Biosensor Development
"Lab-on-a-chip" refers to integrated microfabricated fluidics systems designed to perform multiple steps of high-resolution biological or chemical assays. These devices can be fabricated with many channels, allowing for massively parallel biochemical processes and multi-analyte detection. Many of these devices are fabricated, using molding or photolithographic processes developed in the microelectronics industry to create circuits of chambers and channels with composite materials, including quartz, silica, glass, and plastic substrates. One main aspect of the technology is the ability to direct the flow of liquid chemical reagents within the device and enable various liquid manipulations, including mixing, dilution, separation of macromolecules or cells, chemical or biochemical reactions, incubation, and analysis of the assay all automatically on a single chip.
Microfluidic circuits can be designed to perform many biochemical processes, including immunological assays; DNA amplification, manipulation, and analysis; flow cytometry; and complex biochemical reactions. Their small dimensions and large relative surface area within the fluidic system reduce reaction times, the amount of reagents, labor, and costs.
Summary
Biosensors have demonstrated potential for food microbial analysis; they provide miniaturized systems that can be integrated with online process monitoring systems to analyze samples. Because of their small size, the sensors can be incorporated into various food manufacturing equipment, including food processing and packaging systems, dairy tanks, and fermentors. Biosensors are an important component of processing monitoring, such as HACCP systems.
Many of the biosensors developed to date can detect a single or few analytes, but a future trend in biosensing is the development of multiple-sensing element instruments. One example of this emerging technology is antibody arrays, in which antibodies are placed in an orderly arrangement in the 2-dimensional format of the chip. Using antibody arrays, various antigens can be identified by their binding to specific antibodies at known positions. The use of such integrated biosensor chips may allow a complete analysis of the food or dairy product for toxins and pathogens, antibiotics, pesticides, and chemical contaminants as well as analysis of food and dairy product composition, dairy animal reproductive hormone levels, and feed management. These capabilities are expected to have a major impact on quality control in food processing, enabling increases in product quality and increased safety with minimal investment. 
